The structure and bonding of solid acetonitrile (CH 3 CN) films on amorphous silica are studied, and chemical and physical processes under irradiation with 200 keV protons and 250-400 eV electrons are quantified using transmission infrared spectroscopy, reflection-absorption infrared spectroscopy and temperature-programmed desorption, with the assistance of basic computational chemistry and nuclear materials calculations. The thermal desorption profiles are found to depend strongly on the balance between CH 3 CN-surface and CH 3 CN-CH 3 CN interactions, passing from a sub-monolayer regime (binding energy: 35-50 kJ mol −1 ) to a multilayer regime (binding energy: 38.2 ± 1.0 kJ mol −1 ) via a fractional order desorption regime characteristic of islanding as the coverage increases. Calculations using the SRIM code reveal that the effects of the ion irradiation are dominated by electronic stopping of incident protons, and the subsequent generation of secondary electrons. Therefore, ion irradiation and electron irradiation experiments can be quantitatively compared. During ion irradiation of thicker CH 3 CN films, a cross section for secondary electron-promoted chemical destruction of CH 3 CN of 4 (±1) × 10 −18 cm 2 was measured, while electron-promoted desorption was not detected. A significantly higher cross section for
Introduction
The presence of CH 3 CN in the interstellar medium (ISM) is of significance owing to its potential as a reactant in the formation of amino acids in astrophysical environments. It has been detected in comets [1, 2] , in the atmosphere of Titan [3, 4] and as a gas-phase molecule in the ISM [5] [6] [7] [8] . CH 3 CN is likely to be formed on icy grains from reactions involving CH 3 and CN radicals and injected into the gas phase as the icy grain mantles desorb at temperatures above 90 K [9] . Several laboratory experiments have demonstrated the formation of amino acids by irradiation of icy mantle analogues with UV photons under astrophysically relevant conditions [10, 11] . In particular, processing of thin films of nitrile-containing ices by high-energy (0.8 MeV) protons (H + ) has been shown to produce amino acid species [12] .
However, the role of CH 3 CN as a precursor to more complex species in grain mantle chemistry is dependent on its retention within the dust grain's icy mantle. Photon-induced desorption of various species under astrophysically relevant conditions has been demonstrated in laboratory experiments [13, 14] , and non-thermal desorption mechanisms such as cosmic ray bombardment and UV processing are thought to be responsible for the gas-phase abundances of species observed in the densest parts of the ISM [15] . Therefore, in the energetic processing of icy mantles, a competition exists between chemical processes and physical processes.
The 'translation' of the results of laboratory experiments to a form which can be applied to the understanding of astrophysical environments is a common problem. Even the comparison of differing experimental techniques investigating the same processes can be difficult. In this paper, we report on collaborative investigations made as part of the activities of the European network LASSIE, on the surface and solid-state chemistry of thin and ultrathin films of CH 3 CN, grown under conditions that mimic those of astrophysical environments. The interaction of CH 3 CN with silica surfaces is investigated using a combination of reflection-absorption infrared spectroscopy (RAIRS), temperature-programmed desorption (TPD) and computational chemistry. Thick films on transmitting substrates have been studied by transmission infrared spectroscopy. The loss of CH 3 CN under irradiation with ions and electrons, owing to both chemical transformation and desorption, is measured and compared, with the aim of understanding the relative contributions of ion-promoted processes versus secondary electron-promoted processes in relation to energetic processing of molecular ices in astrophysical environments. Protons with energies of 200 keV have been employed while the low-energy (200-400 eV) electrons used are typical of the secondary electrons that might be generated by passage of these protons, and of cosmic rays, through molecular solids.
Experimental methods
The apparatus and the experimental procedures used at Heriot-Watt University have been described in detail in previous studies [16] . Briefly, all experiments were carried out in an ultrahigh vacuum (UHV) chamber with a base pressure better than 1 × 10 −10 Torr. In order to mimic an interstellar dust grain surface, the sample used in this study is a polished 12.5 mm diameter stainless steel disc on which a film of approximately 200 nm of amorphous silica was grown. This deposition was performed in a second vacuum chamber by electron beam (70 keV) evaporation of powdered silica. The substrate is cooled by liquid nitrogen and resistively heated. The sample temperature is monitored by a K-type thermocouple welded to the top of the stainless steel disc. CH 3 CN (99.9%; Fisher Scientific) was further purified under vacuum by several freeze-pump-thaw cycles. CH 3 CN exposures are reported in units of langmuir (1 L = 1 × 10 −6 Torr s). After correction of these raw values for an ionization gauge sensitivity of 1.99 [17] , and by assuming a sticking coefficient of unity, exposure can be converted to surface concentration, where 1 L is equivalent to 1.61 × 10 14 molec cm −2 . Furthermore, with an assumed density of 1.1 × 10 22 molec cm −3 (0.77 g cm −3 ), 1 L is equivalent to a mean thickness of 0.14 nm.
The low-energy electron beam with a spot size of 1 mm 2 was produced by an ELG-2 electron gun and its EGPS-1022 power supply (Kimball Physics) attached to the UHV chamber. The beam was rastered with a frequency of 2 s over a surface area of approximately 0.75 cm 2 . Changes in the CH 3 CN films were monitored using a Fourier transform infrared (FTIR) spectrometer (Nicolet 8070) in a RAIRS configuration. Spectra were acquired with the co-addition of 1024 scans at a resolution of 2 cm −1 . The interaction of low-energy electrons with the condensed films was investigated by monitoring desorption, as measured by the reduction of peak intensity of the IR spectra, as a function of electron irradiation time, hence allowing a total cross section for CH 3 CN loss to be determined. The deposition of CH 3 CN, electron irradiation and RAIR spectroscopy were all performed at the base temperature of the apparatus of 110 K.
Likewise, the apparatus and the experimental procedures used in the Laboratory for Experimental Astrophysics in Catania have also been described in detail in previous studies [18] [19] [20] . These experiments were performed in a stainless steel vacuum chamber with base pressure of about 10 −7 mbar using a Bruker Equinox 55 FTIR spectrometer at a resolution of 1 or 2 cm −1 in transmission mode. Inside the vacuum chamber, a crystalline silicon substrate is placed in thermal contact with a cold finger, the temperature of which can be varied from 10 to 300 K. A needle valve is used to admit pure gases into the chamber, where they freeze onto the substrate. The gas inlet is not directed towards the substrate; thus a 'background deposition' is obtained. To prevent reactions with the substrate and minimize contamination of the CH 3 CN film during the experiments, some samples were grown with the CH 3 CN sandwiched between two films of argon each of approximately 130 nm thickness [21, 22] . The thickness of the films was monitored during accretion using a He-Ne laser. The absolute accuracy of such thickness measurements is about 5 per cent [23, 24] .
For the ion irradiation experiments, an electrostatic 200 kV ion implanter (Danfysik) with magnetic mass separation was used. The proton beams were scanned electrostatically to ensure a uniform fluence on the target. Typical fluxes were 1 × 10 12 protons cm −2 s −1 . The icy samples discussed in this work were irradiated with 200 keV protons at 15 and 77 K. The proton beam produces a spot on the target larger than the area probed by the IR beam. Current densities range from 100 nA cm −2 to a few µA cm −2 in order to avoid macroscopic heating of the sample. In all examined cases, the penetration depth of impinging protons is larger than the thickness of the sample, as verified using the SRIM code [25] .
The substrate plane forms an angle of 45 • with the IR beam of the spectrometer and the proton beam (the two being mutually perpendicular) so transmittance spectra can be easily obtained in situ, without tilting the sample. Two types of IR spectra were recorded, by selecting the electric vector parallel (P polarization) and perpendicular (S polarization) to the plane of incidence. The polarization is selected using a rotatable polarizer placed in the path of the infrared beam in front of the detector. It has been shown [24, 26] that when the band profiles recorded in P and S polarization are similar, the transitions are weak and the features seen in the transmission spectra directly reflect the variation of the absorption coefficient of the solid sample. This circumstance was observed for the profile of all the CH 3 CN bands and the bands present in the spectra after proton irradiation. For the quantitative analysis of these bands, P spectra were considered since the signal-to-noise ratio is higher for this polarization. Table 1 . Characteristic vibrational band positions and band strengths used in this work. To the best of our knowledge, the band strength for HCCCN has not been measured. The value is estimated based on the average value of other similar species. The surface concentration (i.e. column density) N (molecules cm −2 ) of a given species was calculated using the following equation (then corrected for 45 • incidence): 
Results and discussion (a) Structure and bonding of acetonitrile films
For TIR experiments, CH 3 CN was deposited at 15 K and then warmed up to the sublimation temperature. Figure 1 shows the TIR band profile for the as-deposited film, and the annealed film at temperatures of 110 and 140 K. It is evident that the band profile alters significantly at 110 K, which is ascribed to a change in the structure (amorphous to crystalline) of the solid CH 3 CN sample, as has previously been observed [27] . Figure 2 shows the IR spectrum of CH 3 CN at 110 K in RAIR (bottom line) and transmission (upper line) configuration. Table 2 summarizes the assignment of the spectra and lists the relevant band positions in cm −1 . It is evident from the RAIR spectrum that CH 3 CN deposited at 110 K is also crystalline. Comparison of the spectra for each configuration shows that the band profiles (i.e. shape, width and peak position) are very similar. Minor differences can be ascribed to the different spectral resolution. Many examples in the literature show that the profiles of IR bands of pure ices in RAIR and transmission mode are different [14, 26] . In fact, splitting of the longitudinal optical (LO) and transverse optical (TO) phonon modes of intense bands is common in RAIR spectra. This splitting is also evident in transmittance spectra taken at oblique incidence, but is not observed in transmittance spectra taken at normal incidence [24] . As discussed by Palumbo et al. [26] , the LO-TO splitting depends on the optical constants (n and k) of the material and in turn on the dielectric function (ε = ε + iε ), where ε = n 2 − k 2 and ε = 2nk. By definition, the positions of the LO and TO modes are determined from the zero and pole (singularity) of the dielectric function for a system with no damping. Using the optical constants of CH 3 CN obtained by Moore et al. [28] , it is possible to calculate the dielectric function for solid CH 3 CN and verify that the dielectric function has no zero values and therefore no LO mode can be observed. This means that spectra taken in RAIR and transmission configuration are very similar and that the band profiles in transmittance spectra at oblique incidence in P and S polarization are also very similar as experimentally verified in this work.
The main difference between the spectra shown in figure 2 is the relative intensity of the various bands. In transmittance, the most intense feature is the band at about 2250 cm −1 , while in RAIRS the feature at about 1460 cm −1 is much more intense. These variations in relative intensity relate to the optical properties of the films, which in the case of the RAIRS experiment are complex owing to the presence of the silica film between the CH 3 CN absorbate and the reflecting (metal) surface. Further analysis of this phenomenon is beyond the scope of this work and will be addressed in future studies. The spectrum in figure 2 is remarkably consistent as the CH 3 CN exposure is increased from less than a single molecular layer through to the complete ultrathin film. We see no evidence for significant shifts in any of the vibrational features of CH 3 CN, which is consistent with a very weak TPD experiments allow us to investigate the molecular interactions of CH 3 CN in ultrathin solid films. The TPD profiles for the lowest exposures (figure 3a) display a high-temperature tail consistent with first-order desorption kinetics in which the CH 3 CN samples a broad range of binding energies on the amorphous silica surface. Such behaviour has been observed for other species, such as benzene (C 6 H 6 ), on this surface [16, 33] . There is no evidence of dissociative adsorption on the silica and the surface is saturated at an exposure of roughly 1.0 L. The coverage-dependent binding energy can be derived using an inverted form of the Polanyi-Wigner equation [33] [34] [35] : where E des and ν are the activation energy and pre-exponential factor for desorption, N s is the surface density of molecules and T is temperature. By assuming a pre-exponential factor of 10 13 s −1 , which is typical for first-order desorption [36] , the coverage dependence of the binding energy was determined. As shown in figure 4a , the binding energy of CH 3 CN falls from 50 kJ mol −1 at low coverage to 35 kJ mol −1 at saturation of the first layer.
A fractional-order desorption regime exists for CH 3 CN exposures in the range 1-5 L (equivalent to approx. one to three molecular layers; figure 3b ). Further growth of the CH 3 CN overlayer results in a zeroth-order desorption regime, as characterized by the coincident leading edges evident in figure 3c , which remains present with increasing exposure up to 500 L, the largest exposure tested and equivalent to an estimated mean film thickness of 70 nm. Kinetic analysis of the zeroth-order desorption traces was performed by simulation of the experimental data using a stochastic integration software package [16, 33] . The activation energy and preexponential factor for CH 3 CN desorption were optimized to fit the experimental data. Good fits to the leading edges and peaks of the experimental data are obtained, as is evident in figure 4b . The trailing edges of the simulated peaks deviate slightly from the experimental traces, suggesting a more complex behaviour for the pumping of CH 3 CN from the chamber than that represented by the first-order step in the simulation. A desorption energy of 38.2 ± 1.0 kJ mol −1 , which is consistent with the enthalpy of sublimation of solid CH 3 CN, and a pre-exponential factor of 8 × 10 28±1 molec cm −2 s −1 were derived from the simulations. These thermal desorption experiments give us insight into the behaviour of ultrathin films of CH 3 CN on silica substrates. From figure 4a, it is clear that many of the adsorption sites on the silica surface have a smaller binding energy than the CH 3 CN-CH 3 CN binding energy (equivalent to the multilayer desorption energy of 38.2 kJ mol −1 , cf. the latent heat of sublimation of CH 3 CN of 41.4 kJ mol −1 ). These sites can be thought of as being 'acetonitrilephobic'. At the temperatures used in this experiment, CH 3 CN molecules appear to be free to diffuse over the silica surface and sample the most thermodynamically favoured sites. When exposures approach and exceed surface coverages where the molecules are sampling sites with binding energies less than that of the self-interaction with other CH 3 CN then surface clustering and island film growth become possible. This is reinforced in the intermediate regime of exposure where fractional orders are observed both as a consequence of the 'acetonitrilephilic' nature of the islands and from infilling of the inherent roughness of the amorphous silica surface as the CH 3 CN overlayer grows.
(b) Ion processing of CH 3 CN films CH 3 CN films of approximately 260 nm thickness were deposited at 15 K and analysed using in situ IR transmission spectroscopy. The positions and assignments of vibrational modes are given in table 2. After irradiation by 200 keV protons of an Ar-sandwiched CH 3 CN film, the abundance of CH 3 CN is reduced, as shown by the spectra in figure 5 . A main concern in these experiments was to eliminate any contamination by water. However, as the base pressure of the chamber is 10 −7 mbar, a small amount of co-deposition of water with CH 3 CN is unavoidable. This leads to the formation of O-bearing species after irradiation. Capping of the CH 3 CN film by 100 nm of Ar blocks interaction between CH 3 CN and H 2 O adsorbed from the background during irradiation and thus reduces the formation of O-bearing species. Ion irradiation results in the formation of new absorption bands indicating the presence of many new species, such as H 2 CCNH, HCCCN, HCN and CH 3 NC, demonstrating that fragmentation, rearrangement and conjugation reactions all occur. These products have been identified in previous experimental studies of ion irradiated CH 3 CN films [12, 27] . The column densities of the newly formed species are obtained using the band strength values in table 1, and are plotted in figure 6 as a function of ion fluence. The range of products indicates that fragmentation, rearrangement and conjugation contribute to the destruction of CH 3 CN. The probable first steps are either exciton-promoted fragmentation to form the CH 3 and CN radicals, or dissociative electron attachment to form the CN − anion and the CH 3 radical. Further discussion of mechanisms based on the limited experimental data here would be speculative. More detailed discussions of the ion-promoted chemistry of CH 3 CN based on more comprehensive experimental studies are available elsewhere [27] .
After ion irradiation, the sample was warmed up to the sublimation temperature. Figure 7 shows the temperature dependence of the TIR band profiles during the warming. No significant differences in the TIR band profile are observed at 110 and 140 K, indicating that no change in the ice structure occurs after irradiation. Furthermore, pure CH 3 CN under our experimental conditions sublimes at 150 K, whereas after irradiation, CH 3 CN is still present at 160 K. This is due to the presence of a refractory organic residue [12, 20] also formed after irradiation at low temperatures, which traps volatile species. The TIR spectrum of the residue at room temperature is shown in figure 8 .
Ions lose energy in thin solid films by a combination of nuclear and electron scattering mechanisms (stopping in the language of nuclear materials science). Given the parallel nature of these processes, the total rate constant for the loss of CH 3 CN, k loss , can be written in terms of a nuclear term, k nuc , and an electron term, k elec :
where the individual terms reflect the nature of the processes promoted by the nuclear and electron stopping channels. In the case of electron stopping, ions of the energies used in these experiments excite both valence and core electrons, releasing them from their molecular orbitals and producing an internal flux of secondary electrons within the CH 3 CN film. The relative stopping power in each of these channels can be estimated using the SRIM code [25] to be The spectrum has been taken the day after the bombardment experiment after the sample has been left at room temperature under vacuum overnight. Electrons in the energy range typical of secondary electrons produced by proton irradiation tend to undergo multiple inelastic scattering events during interaction with the surrounding solid. The energy loss depends significantly on the amount of energy initially carried by the electron. For organic solids, such as CH 3 CN, electrons lose their energy as they collide by scattering from valence electrons of the molecules in the solid. Typically, the stopping power of such organic materials is 3-4 eV Å −1 for 200-400 eV electrons [37] . Given a typical molecular scale of ca 2-3 Å, this corresponds to excitation energies of ca 6-12 eV-sufficient energy to excite most molecules from their ground electronic state to an excited state [38] . Simple physical (e.g. desorption) or more complex chemical (e.g. dissociation, isomerization, etc.) processes may follow that excitation. The rate constant for electron-promoted CH 3 CN loss, k elec , can therefore be written as k elec = k e − phys + k e − chem , (3.3) representing this combination of electron-promoted physical, k e − phys , and chemical processes,
The destruction cross section of CH 3 CN by 200 keV protons was calculated by fitting an exponential curve to the integrated optical depths of the CH 3 CN C ≡ N stretch at 2252 cm −1 as a function of ion fluence. This gives a cross section for the loss of CH 3 CN, σ loss , of 1.47 (±0.03) × 10 −15 cm 2 ( figure 9 ). The effects of ion irradiation have also been studied on a CH 3 CN sample deposited at 77 K. In this case, the ice sample was not capped with argon. The experimental results plotted in figure 9 show that, within error limits, the reduction of the intensity of the C ≡ N stretch band depends neither on the temperature of the sample nor on the presence of the argon cap. This cap should inhibit the ion-promoted desorption of CH 3 CN. Since the cross section for CH 3 CN loss does not increase in the absence of the argon cap, the ion-promoted desorption of CH 3 CN must have a negligible contribution to the loss of CH 3 CN; i.e. here, k elec = k e − chem . Thus, the measured cross section for CH 3 CN loss is actually the cross section for ion-promoted chemistry, σ H + chem .
The cross section for reaction of CH 3 CN can be related to the rate constant for this loss Using the SRIM code, we can estimate that in organic solids such as CH 3 CN the yield of secondary electrons, η, for a 200 keV proton to be in the range of 1.17-1.76 × 10 3 µm −1 . The distribution of secondary electron energies produced by this process is broad, typically stretching from a few eV to several hundreds of eV with a maximum around 100-300 eV [39, 40] . For a proton flux, ϕ H + , of 1 × 10 12 cm −2 s −1 the resulting effective secondary electron flux generated throughout the 260 nm thick film and integrated over this broad distribution, ϕ e (c) Low-energy electron processing of CH 3 CN ultrathin films Low-energy electron irradiation experiments were carried out for CH 3 CN films ranging in thickness from 5 to 200 L (estimated to be 0.7-28 nm) and for a range of electron energies (250-400 eV). Figure 10 shows the behaviour of the C ≡ N stretch band of 200 L (28 nm) of solid CH 3 CN adsorbed on the silica substrate during irradiation with 300 eV electrons. The loss of peak intensity, and the absence of any new absorption features anywhere else in the spectrum owing to product molecules, demonstrate that electron-promoted desorption is the only physicochemical process occurring in this system. Thus, in this case, k elec = k e − phys . The loss of CH 3 CN, as measured by the reduction in the height of the C ≡ N stretch band, is plotted as a function of irradiation time in the inset of figure 10. Since no chemical changes occur, the band shape is unaltered during electron irradiation, and the peak height will remain proportional to the surface concentration of CH 3 CN. Over the range of film thicknesses and electron energies studied, the CH 3 CN decay curves are qualitatively the same, and can be fitted well by an offset first-order exponential curve. The offset indicates that unirradiated areas of the sample contribute to the infrared spectrum owing to imperfect alignment of the infrared beam and the irradiated area of the sample. Therefore, as the desorption of CH 3 CN goes to completion within the electron beam spot, unirradiated CH 3 CN surrounding the spot continues to contribute to the RAIR spectrum. The first-order exponential decay curve indicates that the desorption of CH 3 CN from the silica surface follows first-order kinetics with respect to the surface concentration of adsorbed molecules, N s (molecule cm −2 ). Thus, the rate of desorption owing to interaction of CH 3 CN with low-energy electrons is given by
and
where σ e − des is the total cross section of electron-promoted desorption (cm 2 ), and ϕ e − is the flux of electrons (cm −2 s −1 ). The electron flux can be measured in terms of the sample current density, I (A cm −2 ), such that integration of this equation will yield [41] N s,t = N s,0 exp − σ e − des I e t , (3.8) where N s,t is the surface coverage after an electron irradiation time t (s), N s,0 is initial surface coverage and e (C) is the charge on the electron. The cross section can be determined from the time constant (τ ) of the exponential decay curve τ = σ e − des I e . (3.9) Table 3 summarizes the cross section for electron-promoted desorption as a function of electron energy determined in these experiments. Across the 200-400 eV electron energy range the average cross section for electron-promoted desorption of CH 3 CN is 1.5 × 10 −15 cm 2 . However, at ca 300 eV, the cross section is observed to be statistically larger than this value at 3.2 × 10 −15 cm 2 .
With the C 1 s core orbital lying at around 280 eV, this increase in desorption cross section is likely a consequence of resonant electron scattering at and around this energy.
There is no evidence of new absorption bands that would indicate the accumulation of any products of electron-promoted fragmentation, rearrangement of conjugation reactions. Given the sensitivity of the RAIRS experiment to sub-monolayer coverages of CH 3 CN and the variability in the band strengths for CH 3 CN and possible products shown in table 1, we estimate that the maximum possible surface concentration for products that are undetectable in the RAIRS experiment is 200 times smaller than the largest exposure examined. Therefore, the cross section for accumulation of an individual product of electron-promoted chemistry also scales by this factor, giving an upper limit of 7.5 × 10 −18 cm 2 . The cross section for electron-promoted chemical destruction of CH 3 CN to all products will be several times higher, and we estimate an upper limit of 3.5 × 10 −17 cm 2 . The exact nature of the species lost by desorption is not determined. It is very likely that because of the surface localization of electron-promoted processing and the surface temperature, species that might be formed and retained in the bulk of the CH 3 CN film in the ion irradiation experiments are lost to the gas phase during electron irradiation. A recently published paper investigating anion desorption from CH 3 CN films irradiated at 30 K with low-energy (2-20 eV) electrons [42] showed that H − , CH − 2 , CH − 3 and CN − , formed by following dissociative electron attachment processes, are the dominant anionic desorbates. Ethane, which is formed by reaction of CH 3 radicals during the warm up, was detected in post-irradiation TPD. However, its desorption temperature of 77 K precludes the possibility of its detection by RAIRS in our experiments.
(d) Comparison of ion and electron irradiation experiments
The SRIM calculations demonstrate that the effects of ion irradiation on the CH 3 CN ice are predominantly realized by the interactions of the secondary electrons that ion interactions generate. Therefore, the ion irradiation and electron irradiation experiments should induce the same phenomena. However, during ion irradiation only chemical reaction of CH 3 CN is evident, while during electron irradiation only desorption is observed. It is therefore necessary to rationalize the apparently contradictory results of the two experiments.
Only molecules in the surface layer of a film, and perhaps the next one or two layers below, can be desorbed. Excited molecules deeper within the film are prevented from escape by the layers above them. However, there are several mechanisms by which excitation events deeper within the film could contribute to electron-promoted desorption. Excitons, generated by low-energy electron stimulation of a molecule, have been shown to diffuse through considerable thicknesses of amorphous water ice [43, 44] . Although excitons will be generated within CH 3 CN ice, a greatly reduced diffusivity in this medium is expected. Transfer of kinetic energy from an excited molecule buried within a film to the surface could also occur via a series of elastic interactions with neighbouring molecules, in a process akin to the 'Newton's Cradle' [45] , although the efficiency of such a process would be dependent on the molecular order within the solid.
To aid in the discussion, we introduce the concept of the 'selvedge'; i.e. the near surface region of the film which is of relevance to a surface specific phenomenon such as desorption. The depth of the selvedge can be determined by various factors. If the efficiency of the energy transfer mechanisms discussed earlier is low, the selvedge may be restricted to the first few molecular layers, and thus be of the order of a few ångströms. If the energy transfer mechanisms have intermediate efficiency, they themselves may determine the depth of the selvedge. If they have high efficiency, then the penetration depth of the incident radiation will determine the depth of the selvedge. The penetration depth of 200 keV protons is much greater than the thickness of the CH 3 CN film, and in fact our calculations assume a flux of secondary electrons that does not vary with depth. For electrons within the range of secondary electron energies (0-500 eV), the estimated inelastic mean free path in the solid CH 3 CN is in the range of 1.2-2.4 nm [46] . If, as discussed earlier, the electrons give up 6-12 eV of energy per interaction, then in the electron irradiation experiments an incident electron could potentially penetrate the full depth of thickest (28 nm) film investigated. However, since the path of inelastically scattered electrons is random, the bulk of the energy of the incident electron beam is expected to be deposited within the top 5 nm of the film.
The observation of electron-promoted desorption with first-order kinetics with respect to the surface concentration, N s , of CH 3 CN for even the 28 nm film is therefore unexpected. The result implies that the whole of the film is part of the selvedge. A possible explanation relates to the morphology of the silica substrate, which has been found previously to have roughness of the order of 40 nm [16] . Thus, the effective thickness of the film may be much less than the mean thickness of 28 nm calculated assuming a flat surface. The TPD results indicate that all of the exposures subjected to electron irradiation (5-200 L) fall within the multilayer desorption regime. However, TPD probes the structure of the film at the temperature of desorption (approx. 135 K). There is some capacity for the film roughness at deposition (110 K) to be annealed during the temperature ramp prior to desorption.
Owing to the high penetration depth of 200 keV protons (greater than the sample thickness), ion-promoted chemistry of CH 3 CN is a bulk process. Therefore, there is no selvedge for chemistry, and the rate of CH 3 CN loss by chemical transformation has first-order kinetics. The absence of any detectable desorption in this experiment suggests that the selvedge for ion-promoted desorption must be small compared with the thickness of the film. The upper limit for the rate constant for ion-promoted desorption, k e phys , can be used to estimate an upper limit for the depth of the selvedge. The rate of ion-promoted desorption, r H + des , can be expressed in terms of the electronpromoted desorption and ion-promoted desorption cross sections: , and the surface concentration of CH 3 CN within the selvedge, N selv , are dependent on the selvedge depth, d selv : (3.11) and
and ρ M is the molecular density of solid CH 3 CN (molec cm −3 ). When the initial thickness of the ion irradiated film, d, is 260 nm, such that 13) solving the equations gives an upper limit on the selvedge depth of 1.7 nm. Further experiments are required to provide a more accurate constraint. First-order electron-promoted desorption was evident for the 200 L film (mean thickness of 28 nm) during electron irradiation. This further emphasizes the impact made on the desorption behaviour by the roughness of the silica substrate used in the electron irradiation experiments. The cross section for secondary electron-promoted chemistry, σ e − chem , of 4 (±1) × 10 −18 cm 2 measured during ion irradiation is lower than the upper limit of 3.5 × 10 −17 cm 2 estimated during electron irradiation, i.e. the rate of the formation of products is expected to be below the limit of detection during the electron irradiation experiment. Similar observations were made during the electron irradiation of water/methane mixtures [47] . In this case, reaction products were not detected by infrared spectroscopy when the deposited mixed film was irradiated due to the rapid electron-promoted desorption of methane, although when the film was irradiated during deposition reaction products such as methanol were trapped and could be detected.
(e) Astrophysical implications
The interstellar abundance of CH 3 CN is sufficiently low that its existence in the ISM as a pure ice is highly improbable. Further experiments quantifying the electron-promoted cross sections of chemical and physical processes involving CH 3 CN in more realistic environments, such as dilutely mixed with amorphous water ice, are warranted. The results of the present experiments on the pure species will be necessary to fully understand the behaviour of CH 3 CN in these more complex systems. It might be tempting to dismiss the quantitative aspects of the present experiments as having little practical relevance to the ISM. However, the cross section for electronpromoted desorption of CH 3 CN has a similar magnitude to those for species such as water [48] . Therefore, it seems reasonable to assume that the conclusions drawn for the behaviour of CH 3 CN-that the cross section for electron-promoted desorption is greater than that for electronpromoted chemistry, but that chemistry is a bulk process in the ice while desorption is restricted to a selvedge-will be generally true for interstellar ices. The results observed in the ion and electron irradiation experiments are summarized in the cartoon in figure 11 . This pattern of behaviour means that secondary electron processing of interstellar ices will be strongly dependent on the morphology of the grains upon which icy mantles grow. In environments where thick ice mantles are prevalent (high density, low temperature, large grain size) electron-promoted chemistry will dominate grain processing, and a complex solid-phase chemistry within ices involving reactions between the products of grain processing can proceed. In environments where grain mantles remain thin, electron-promoted desorption may dominate grain processing, and the composition of the ice may more strongly reflect readsorption of the products of gas-phase chemistry (figure 11). The cross section for desorption of CH 3 CN during electron irradiation of thin films, σ e − des , was determined to fall in the range 0.82-3.2 × 10 −15 cm 2 . No reaction products were detected, which is likely to be due to their rapid desorption under the electron irradiation.
Conclusions
Secondary electron-promoted chemical reaction of CH 3 CN is found to be a bulk process occurring throughout the full depth of the film, whereas electron-promoted desorption is a surface process restricted to a selvedge. This finding explains the difference between the observations of the proton and electron irradiation experiments and has important consequences for our understanding of the balance of the two processes in interstellar environments.
These experiments clearly illustrate how complementary studies with electrons and ions can allow us to disentangle the various processes that may occur in thin solid films under charged particle irradiation mimicking conditions in astrophysical environments.
